Objective: Tenofovir disoproxil fumarate is a widely used antiretroviral for HIV infection that has been associated with an increased risk of chronic kidney disease (CKD). Our objective was to derive a scoring system to predict 5-year risk of developing CKD in HIV-infected individuals and to estimate difference in risk associated with tenofovir use.
Introduction
Use of HAARTs in the setting of HIV infection has dramatically reduced morbidity and mortality in HIVinfected persons. Tenofovir disoproxil fumarate is a widely used and highly effective antiretroviral medication that is recommended as a component in all four listed preferred regimens for antiretroviral-naive patients in the current Department of Health and Human Services Panel on Antiretroviral Guidelines for Adults and Adolescents [1] . The 2013 treatment guidelines advanced by the WHO recommend tenofovir in combination with emtrictabine and efavirenz as the preferred regimen for all HIV-infected patients with CD4 þ cell counts less than 500 cells/ml [2] .
HIV-infected persons are at an increased risk for chronic kidney disease (CKD) and end-stage renal disease (ESRD) relative to persons without HIV infection [3] . Renal insufficiency is of major public health importance in persons both with and without HIV infection, as it increases the risk of cardiovascular disease, heart failure and mortality [4, 5] . Certain antiretroviral drugsparticularly tenofovir -have also been associated with kidney disease. In randomized clinical studies of generally healthy adults with limited other risk factors for kidney disease, tenovir use was generally associated with minimal nephrotoxicity [6, 7] . In clinical practice, however, wherein individuals might have multiple other risk factors, the risk of tenovovir-associated CKD is likely higher [8] . We previously evaluated cumulative and ever use of tenofovir in over 10 000 HIV-infected veterans, and found that exposure to tenofovir was associated with a higher relative risk of CKD, proteinuria and rapid decline in kidney function [9] . However, relative risks are only partially informative for clinicians adjudicating treatment decisions for patients, who will have varying risk factors for renal disease prior to initiating tenofovir or alternative antiretroviral drugs.
In response to this need for tools to optimize individualized decision making, we developed a risk score for CKD in HIV-infected patients utilizing readily available clinical variables. We studied a national sample of HIV-infected male veterans who initiated antiretroviral therapy between 1997 and 2010. We used data from 21 590 HIV-infected men within the Veterans Health Administration system over 193 771 years of follow-up for this analysis. We then employed this score to determine the additional risk of kidney disease associated with the use of tenofovir.
Materials and methods
We utilized a national sample of HIV-infected U.S. veterans to create a risk score for CKD. Data sources used to assemble the analytic cohort have been described in detail [10] . In brief, the Department of Veterans Affairs (VA) HIV Clinical Case Registry (CCR) actively monitors all HIV-infected persons receiving care in the VA nationally and automatically extracts demographic, clinical, laboratory, pharmacy, utilization and death information from the VA electronic medical record into a centralized database [11] .
Patients
The target population for this analysis was HIV-infected male veterans who were treatment-naive (i.e. no prior exposure to any antiretroviral) at the time they entered clinical care in the Veterans Health Administration (VHA) system, and who subsequently received antiretroviral therapy followed by regular visits and laboratory monitoring. We focused on patients who initiated therapy during or after 1997, as this was when combination antiretroviral therapy became standard of care. The baseline visit was defined as the date of starting antiretroviral therapy. Patients were followed until 1 January 2011. We excluded patients with prevalent kidney failure (receipt of chronic dialysis treatment or kidney transplant) and those with estimated glomerular filtration rate (eGFR) at baseline of less than 60 ml/min per 1.73 m 2 . We also excluded those who did not have at least one plasma HIV RNA value, CD4 þ cell count, record of an outpatient visit and kidney function assessment. A total of 21 590 patients were included in the final analytic cohort.
Outcome
The primary study outcome was time to first occurrence of eGFR less than 60 ml/min per 1.73 m 2 . eGFR was calculated using the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) formula based on age, sex, race and serum creatinine [12] . CKD was defined by two consecutive estimates of GFR less than 60 ml/min per 1.73 m 2 , wherein consecutive estimates were required to be at least 3 months apart and not obtained during inpatient admissions.
Independent variables
We ascertained drug utilization in the CCR medication files on the basis of pharmacy fill and refill information. Previous work demonstrated that VA pharmacy data are comprehensive and reliable for assessing medication use [13] [14] [15] [16] [17] . A strict definition of HAART utilization was defined as in previous reports [13, 18] .
Demographic information (age and race) from the CCR was supplemented with Medicare database information. We defined comorbid conditions as described previously [18] . Hypertension was defined on the basis of two outpatient ICD-9 codes or a combination of diagnostic codes and use of antihypertensive treatment [16, 19] . Proteinuria was defined as urine dipstick measurements greater than 30 mg/dl. Diabetes was defined by any prescription for insulin or an oral hypoglycemic agent, or two or more diagnoses from inpatient or outpatient visits [20] . Hepatitis B virus (HBV) infection was defined by positive surface antigens or a detectable hepatitis viral load. Hepatitis C virus (HCV) infection was defined using ICD-9 codes and HCV antibody positive status. Blood pressure, BMI, CD4 þ cell counts, HIV RNA level, low-density lipoprotein (LDL) and high-density lipoprotein (HDL) levels, triglycerides, total cholesterol and serum glucose were included in statistical models or used to define clinical characteristics. At any given time, the most recent previous measurement was used to define time-dependent covariates.
Statistical analysis
For the development of the CKD risk score, we considered the following baseline clinical variables: age, race, diabetes, glucose, hypertension, SBP and DBP, dyslipidemia, LDL, HDL, triglyceride, total cholesterol, cardiovascular disease, smoking, illicit drug use, proteinuria, HBV and HCV infection status, BMI, CD4 þ cell count and HIV RNA level. Multivariable Cox proportional hazards regression models were used to assess risk factors for CKD. Patients were censored at time of death or the last day of follow-up for this analysis, 1 January 2011. Cox regression model assumptions were checked by comparing plots of log [Àlog(survival)] versus log of survival time and the Schoenfeld test. We first used stepwise backward selection with a significance level of a equal to 0.05 to remove candidate covariates. As an alternative model building approach, we used Bayesian model averaging to identify candidate models with high posterior probabilities [21] . Models constructed using the two approaches were similar. We then used 10-fold crossvalidation to compare candidate models and identify the best fitting model. Using the final model, we developed a risk scoring system using previously established methods developed by the Framingham Heart Study [22] to calculate points associated with each risk factor and determine the 5-year probability of developing CKD. The total number of points was calculated for each participant using this risk score and associated with the risk of developing CKD. We used c-statistics to assess model discrimination, and goodness-of-fit testing to assess calibration. Bootstrap simulation was used to assess overoptimism. We assessed model performance by comparing observed event rates across the range of points to expected rates, which represent the predicted rate based on the proportion at risk within each subgroup. We also calculated the number-needed-to-harm (NNH) for the analyses involving tenofovir use, which represents the number of patients who would need to be treated with tenofovir for one CKD event to occur.
Analyses were conducted using Stata version 11 and SAS version 9.3. Bayesian model averaging was performed using the BMA package for the R statistical computing language. This study was approved by the Committee on Human Research of the San Francisco VA Medical Center and the VA Public Health Strategic Healthcare Group.
Results
After excluding persons with CKD at baseline, 21 590 HIV-infected male veterans were at a risk for CKD and included in this study. Overall, there were 2059 CKD events during 193 771 person-years of follow-up. Baseline demographic and clinical characteristics are presented in Table 1 , stratified by end-of-study tenofovir exposure status. Mean AE standard deviation (SD) age at baseline was 47.2 AE 9.8 years. Individuals ever exposed to tenofovir were similar at baseline in terms of race, diabetes, hypertension, proteinuria, HIV RNA level and other risk factors compared with those never exposed to tenofovir. Median follow-up was 6.3 years [interquartile range (IQR) 2.8-10.3]. Table 2 lists all variables included in the risk score, along with the adjusted hazard ratio and points calculated for each risk factor. In Cox multivariable regression analysis, we found that older age, elevated glucose (>140 mg/dl), elevated SBP (>140 mmHg), hypertension, elevated triglyceride (>200 mg/dl), proteinuria and low CD4 þ cell count were independently associated with a higher risk of developing CKD. Higher levels of HIV RNA did not appear to be associated with a greater risk of developing CKD [hazard ratio 0.97 per 10-fold increase, 95% confidence interval (CI) 0.94-1.01]. The oldest age group (age >60 years) had the greatest points assigned of any risk factor category (þ6). The possible risk scores ranged from zero (lowest comorbidity score) to þ15 (highest comorbidity score).
The overall 5-year CKD event rate was 7.7% in tenofovir users and 3.8% in nonusers (Fig. 1a ), corresponding to an NNH of 26. We observed a progressive increase in the risk of CKD with increasing number of points from the risk score, with 5-year risks in nonusers of tenofovir ranging from less than 1% in those with zero points to 16.4% in those with 9 or more points, and from 1.4 to 21.4% among tenofovir users. As a result, the estimated NNH for tenofovir use ranged from 108 for those with zero points to 20 for persons with 9 or more points. After controlling for the risk score, the overall relative risk of CKD was two-fold higher in tenofovir users than in nonusers (95% CI 1.83-2.18, P < 0.0001). A similar pattern of increasing risk was seen when we examined risk of CKD by increasing decile of risk from the Cox model ( Fig. 1b) .
1292 AIDS 2014, Vol 28 No 9 We observed a nonlinear association of duration of tenofovir use with risk of CKD, with an inflection point near 1 year of use. Increasing duration of tenofovir exposure (!1 year versus <1 year) was associated with a higher overall 5-year CKD event rate (10.9% in those with !1 year of tenofovir versus 4.9% in those with <1 year of exposure, Fig. 1c ). This increased risk associated with longer tenofovir duration was observed across the range of risk scores in our model (overall hazard ratio 2.1 controlling for risk score, P < 0.0001). The NNH among those with at least 1 year of tenofovir ranged from 5 for those with 8 or more points to 68 for those with 0 points. In an analysis limited to the most recent 5 years (from 2006 to 2010) ( Fig. 1d) , tenofovir exposure was associated with an increased risk of CKD (hazard ratio 2.47, 95% CI 2.17-2.81) after controlling for the risk score, and discrimination was similar (c ¼ 0.72).
As an illustration of the use of the risk score, we present the example of a hypothetical 55-year-old man with normal glucose, hypertension, hypertriglyceridemia, no proteinuria and a normal CD4 þ cell count (Table 3 ). In this example, the risk score calculation would assign 4 points for age, 1 point for having elevated SBP, 2 points for having hypertension and 1 point for having elevated triglycerides, yielding a total score of 8. As shown in Fig. 1a , a patient with a total score of 8 would have an 11% chance of developing CKD over 5 years as a nonuser and a 19% chance as a user of tenofovir.
We assessed the performance of our risk prediction model and found that it had good discrimination (overall c statistic 0.73) and calibration (goodness of fit P ¼ 0.99). Bootstrap simulation indicated a very low degree of over optimism (bias 0.0003). Results were similar in a sensitivity analysis in which we applied our risk score model to those with at least two kidney assessments, excluding the less than 5% of participants with only one assessment (Supplemental Table 1 , http://links.lww.com/ QAD/A503). A comparison of the observed and expected event rates (Supplemental Fig. 1 , http:// links.lww.com/QAD/A503) showed a progressive increase in both observed and expected risk with increasing number of points (test for trend: P < 0.0001) with similar calibration and discrimination (c ¼ 0.70 versus c ¼ 0.74) in tenofovir users and nonusers. Event rates and person years of follow-up in users and nonusers of tenofovir are summarized in Supplemental Table 2 , http://links.lww.com/QAD/A503 (by total number of points) and Supplemental Table 3 , http://links.lww.com/ QAD/A503 (by decile of risk from the Cox model).
Discussion
In this large, national sample of over 20 000 male HIVinfected veterans, we found that tenofovir users had a higher 5-year risk of developing CKD than never users of tenofovir. This finding held in those with both a lower and higher burden of comorbidities typically associated with renal dysfunction. We developed a 5-year risk score for CKD in HIV-infected men using risk factors that are commonly measured in clinical practice, including age, glucose, SBP, hypertension, triglyceride level, proteinuria and CD4 þ cell count. This risk score had good discrimination, with a c-statistic of 0.73. Although the relative risk associated with tenofovir was statistically significant across the range of predicted CKD risk, both the absolute risks and the NNH differed substantially, with higher risk patients being the most adversely affected. In particular, those with higher predicted risk were especially susceptible to more than 1 year of tenofovir use.
Our results found a higher risk of CKD with increasing duration of tenofovir exposure, consistent with our previous findings [9] but in contrast to observations from some clinical trials [6, 7] . We also found that tenofovir exposure was associated with an increased risk of CKD even when restricting our analysis to the most recent 5 years of data. Although tenofovir was typically prescribed in treatment-experienced patients upon its approval in 2001, current guidelines recommend the inclusion of tenofovir in first-line therapy.
A recent study [23] in 4350 HIV-infected patients suggested that tenofovir use should be contraindicated in persons with one or more traditional risk factors for kidney disease. Recommendations have also been published advising kidney function monitoring in tenofovir-treated patients [24] . Our scoring system allows risk assessment to be quantified, providing physicians and patients with an estimate of the absolute risk of developing CKD and providing a more nuanced algorithm for HIV treatment. Our results find that among those with more than 1 year of tenofovir exposure, the NNH is as low as 18 for persons with a risk score of 3 or more. This risk scoring system will inform clinicians of the additional risk incurred in an individual patient when prescribed tenofovir. Given that the typical nucleoside reverse transcriptase inhibitor (NRTI) combination alternative to tenofovir/ emtricitabine (i.e. abacavir/ lamivudine) is less likely to worsen renal function, our CKD risk score could aid clinicians in designing first-line HIV treatment regimens optimized for safety as well as efficacy.
It is noteworthy that although low CD4 þ cell count was associated with a higher risk of CKD in our cohort, we did not find an association of higher HIV RNA levels or other HIV-related risk factors with increased CKD risk. By contrast, our group has previously reported that higher HIV RNA levels are associated with an increased risk of ESRD in HIV-infected veterans [3] , and it has also been reported that increasing HIV RNA levels are associated with proteinuria in HIV-infected women [25] . It is possible that this lack of an association between HIV RNA levels and CKD is explained in part by the competing risk of death, for which HIV RNA is a strong risk factor. It has been posited that the kidney may act as a reservoir of HIV-1 in HIV-infected individuals [26] , and the circulating viral load level may therefore be a less sensitive indicator of CKD risk. Prior HIV viremia even when subsequently suppressed may also lead to long-lasting kidney damage, accelerating the occurrence of CKD.
We also found that elevated triglyceride level was an important risk factor for CKD. Although not considered a traditional risk factor, the most common form of dyslipidemia in persons with CKD is hypertriglyceridemia [27] , and its prevalence appears to increase in later stages of CKD. Mechanisms posited to explain hypertriglyceridemia in CKD include diminished clearance and increased synthesis [28] .
A major strength of our study is the inclusion of a large number of participants, which resulted in a large number of events in both tenofovir users and nonusers. Study limitations include our inability to measure GFR directly, similar to all large studies of HIV-infected persons. We used creatinine-based estimates of GFR, which are known to be biased in the setting of HIV infection [29] , yet remain the clinical standard. This is an observational study, and not a randomized study. Although users and nonusers of tenofovir had a similar baseline risk profile, there may have been incomplete or inadequate control of factors that may confound the association between tenofovir use and kidney disease. We did not have HCV RNA data to confirm chronic HCV infection, and it is likely that hepatitis C resolved in some patients. However, the NA-ACCORD study recently reported that individuals who were HCV Ab positive but HCV RNA negative also had an increased risk for CKD similar to individuals who were HCV Ab and RNA positive [30] .
In addition, our results may not generalize to nonveterans, women, children or patients not receiving regular clinical care. However, our population does include patients who might have been excluded from clinical trials and who might not qualify or volunteer for epidemiological cohort studies. Finally, our risk score algorithm has not been validated in an independent cohort.
In conclusion, the CKD risk score can be used to predict the absolute 5-year risk of developing CKD for individual HIV-infected men. The availability of this information should guide clinicians and individual patients who are weighing the benefits of using tenofovir against the longterm risks of kidney damage. Future studies of HIVinfected persons (including women) and persons utilizing tenofovir for hepatitis B and for preexposure prophylaxis (PrEP) are needed to validate this risk equation.
